Optimal reactive power dispatch is one of the key factors to attain cost-effective and stable functioning of power system. It is a complicated non-linear optimization issue with a combination of discrete and continuous control variables. Due to this complex feature of optimal reactive power dispatch, optimization technique has become an efficient method to solve this problem. In this work, Kinetic Gas Molecule Optimization algorithm with Pareto optimality is proposed for solving multi-objective optimal reactive power dispatch problem. The presentation of Kinetic Gas Molecule Optimization is improved by computing inertia weight and acceleration coefficients dynamically rather than a fixed value. Because of this reason, the searching capability of the particles in each iteration is improved. However, to improve the power system performance in optimal reactive power dispatch scenario, additional flexible AC transmission system devices like static VAR compensator, thyristor-controlled series compensator, and unified power flow controller are introduced to provide stable results when compared to conventional output because flexible AC transmission system devices are capable of controlling the flow of real power and reactive power. These details are implemented and tested on IEEE 30-bus test system with various objectives. The performance of proposed method is validated from MATLAB, which shows the value of power loss as 4.3583 and voltage deviation as 0.26499 with cost of US$469.6417 per MVAR, which shows considerably superior results when compared with implemented particle swarm optimization results. The proposed method provides an efficient result for solving multi-objective optimal reactive power dispatch issues.
Introduction
Recent days, the control and operation of power system has turn out to be a big problem for the operators due to the competitive nature. Hence, the optimal reactive power dispatch (ORPD) issue has a powerful impact on secure and cost-effective performance of the power system. It is one of the major complicated problems as it demands for the power system with the minimum real power losses. 1 ORPD has a significant part to produce a stable, safe, secure, and reliable performance of the power system. Basically, the major problem meets in the power system are collapsed in voltage stability and overloading. The above-mentioned problem is improved by rearranging the setting of control variables with nearby optimal prime values. Therefore, the ORPD and control of voltage is compulsory for power system during variation in load and contingency appearing state. For this reason, a number of algorithms have been developed to stay off from the unstable voltage to improve the performance of the system. 2, 3 Primal dual interior point method is used for searching the Pareto front, and optimal solution is proposed. Although it is very intuitive to establish the scalar function and control the weights, results are not effectively distributed and the objectives collide with one another. Advanced research should give proper results for the objective functions. 4 Here, ORPD issues were eliminated by particle swarm optimization (PSO) method, and to take down the convergence problem in PSO, comprehensive learning particle swarm optimization (CLPSO) was proposed. However, most of the control variables such as shunt capacitor and tap setting of transformers are changed in distinct manner. 5 For solving ORPD problem, Cuckoo Search Algorithm (CSA) was proposed. It is used to search the finest integration of control variables for instant ratio of transformer tap settings, voltage of generator, and reactive power values to decrease the losses in the system. The performance of CSA has been analyzed with PSO and Gravitational Search Algorithm (GSA), which provides better results in terms of convergence process, robustness, and adjust the parameter. 6 Strength Pareto Multi-Group Search Optimizer (SPMGSO) was developed for solving multiobjective optimal reactive power dispatch (MORPD) problem. Comprehensively, analyzed with other types of algorithm, it provides better results to solve the complicated constrained difficulty with high-dimensional features of search space, better efficiency with more number of objective functions. 7 A novel Opposition-Based Self-Adaptive Modified Gravitational Search Algorithm (OSAMGSA) was presented for resolving ORPD issues and to control the voltage in power system. Other techniques failed to handle non-convexity optimization problem because GSA has no other complex issues for solving the problem with mixed integer, and it is more preferable for optimizing reactive power. 8 For considering ORPD with the flexible AC transmission system (FACTS) devices, hybrid biogeography-based optimization (HBBO) technique was presented to increase the voltage stability and system problems. FACTS device is commonly used to enhance the laudability and overall execution of the system. Here, thyristor-controlled phase shifter (TCPS) and thyristor-controlled series compensator (TCSC) are evaluated for reducing transmission loss and total voltage deviation (TVD). HBBO has provided better results for balancing global search capability compared with Artificial Bee Colony (ABC) and Biogeography-Based Optimization (BBO) algorithms, 9 and one of the FACTS devices such as unified power flow controller (UPFC) has been presented in Shrawane et al. 10 for ORPD problem with the help of hybrid GA-PSO. This technique was used for finding optimal location and cost of UPFC with reduced voltage deviation and losses at load bus. Although, the computational process of this technique were increased linear with number of generations. Nowadays, only few optimization techniques are developed with FACTS devices for solving ORPD problems. From the above-mentioned scenario, voltage stability analysis has become vital for securing power system operation and satisfactory design. Optimization methods are playing a major role in providing more effective result for such complications. So, a simple, fast, and computationally feasible analytical approach, named Kinetic Gas Molecule Optimization (KGMO) technique, is presented here to monitor the power system voltage stability. This approach is capable of identifying the most stressed line in power system networks. This enables the power system operators to decide the remedial actions in case of abnormalities. Finally, results show fast convergence process produced by KGMO to provide controlled outputs. FACTS devices (static VAR compensator (SVC), TCSC, and UPFC) are assigned at best possible nodes to deliver an ideal reactive power dispatch (RPD) that reduces the losses, deviation of voltage, cost, and line loading (LL) index with constraints of generator voltage, tap setting of transformer, and reactive power of shunt compensators.
Literature review
Canbing et al. 12 demonstrated a modified group search optimizer (GSO) to optimally allocate the FACTS devices to improve the power flow and performance of the system. The proposed system was validated on IEEE 118-bus power system with two classical types of FACTS, namely SVC and TCSC. The modified GSO is adopted for installation location optimization, which can shorten the time of the simulation and obtain the best position. However, considering the economic aspect, TCSC should be installed into the system in coordination with SVC to achieve optimal value. Jordehi 11 presented Imperialistic Competitive Algorithm (ICA) for solving complex optimization problems in different fields. The proposed method is used to optimally allocate the FACTS devices to improve the security enhancement. From the viewpoint of standard deviation of overload metrics, ICA provides better performance than other meta-heuristics. In common, fitter global solution will exist, but it requires more search effort (higher number of function evaluations).
Jyotshna Devi and Madhuri 13 proposed Harmony Search Algorithm for optimally placing the SVC device to improve the voltage stability. Voltage stability status in a stressed power system could be improved with effective reactive power compensation, and it can be achieved by significant use of SVC. Here, L-index is used to find the critical buses in the system for optimal location of shunt connected FACTS controller known as SVC. It is observed that the proposed algorithm using SVC achieved the objectives for both IEEE 14bus system and IEEE30-bus system. But the convergence speed and premature convergence are very slow in this process.
RPD problem
In this research work, MORPD issues have been conquered by minimalizing the objectives; TVD, real power losses, total FACTS device cost, and LL index are exposed to several equality and inequality variables. Thyristor-controlled phase shifting transformers (TCPSTs) and thyristor-controlled series compensators (TCSCs) have been used as FACTS devices. ICA for FACTS allocation problem indicates that ICA offers lower overloads and voltage deviations than other optimization algorithms.
Total real power losses
Total voltage deviation
where P L and TVD are total real power losses and total voltage deviation, respectively. nl is the number of transmission lines, gk is the conductance of the kth line, and V i \d i and V j \d j are the voltages at the terminal buses i and j of the kth line, respectively. V ref is set to be 1.0 pu and LB is the number of load buses.
LL index
In order to eliminate the overloads and uniformly distribute the load flows, FACTS devices have to be optimally placed. In order to attain this condition, LL is deliberated as one of the objective functions. By decreasing the overloading line, LL will be minimized, and the voltage of bus nearer to the desired value will also be minimized. By minimizing the LL, security margin of the system will be enhanced
where w j is the weighting factor of jth line, S j is the apparent power of jth line, and S j, amx is the nominal apparent of jth line.
Equality and inequality constraints are as follows
FACTS modeling
SVC modeling
In this segment, statistics of SVC are stated clearly. As mentioned in collected works, SVC is a promising FACTS for supporting reactive power at several nodes. In addition, it worked as mutually capacitive and inductive compensation. 14 Hence, it is exhibited as perfect reactive power injection by the side of specified node. It is presented as follows: Illustrating from Figure 1 , the location of SVC at a node is stated as follows
where DQ is size of SVC which is existed at the assigned bus. At this instant, RPD issue with placement of SVC is stated as follows
Cost function of SVC
where s is the functional limits of facts devices
TCSC modeling
In this portion, one more FACTS named TCSC is deliberated clearly. In this system, TCSC acts as series compensator to regulate the power on line through an extensive variety and improve the transient constancy.
The working of TCSC is included to observe the presentation of a variable inductor combined with static capacitor in series assembly. Generally this is utilized to regulate reactance of transmission line for overcoming the load and similarly capable of working at various manners. Now, TCSC works as supplementary FACTS to enhance the presentation for compensating the reactive power. 15 Stated from Figure 2 , it is distinguished that the corresponding TCSC is considered as a variable capacitive reactance which is adjusted as per the necessity of load requirement. The equivalent process will be presented in the projected study. Furthermore, kind of FACTS will present additional possibility for enhancing the RPD performance.
Cost function of TCSC
Cost À TCSC = 0:0015 Ã s 2 À 0:7130 Ã s + 153:75 ð7Þ
UPFC modeling
In this paper, IEEE 30-bus system is used to display quantitatively, how the UPFC performs, which compensates the line in between the two buses. UPFC is utilized to balance both the real power and reactive power flows in the line at predefined value and the load flow equations are changed correspondingly with the help of Newton-Raphson method at the buses. Based on the predefined value of real and reactive power, the control setting of UPFC is evaluated once the load flow is combined. UPFC is an adaptable FACTS device that can simultaneously handle the transmission voltage, phase angle, and impedance so that it can control the transmitted power. 16 In order to discover the optimal size and location of UPFC using L-index (Voltage-Stability Index) to enhance the load capacity of the lines, reduce the total loss, and enhance the voltage stability. Power flow through the line is essentially based on the following factors such as line reactance, phase angle, and bus voltage, which is expressed in equation (6)
UPFC model is shown in Figure 3 . Considering the load flow program, UPFC model can be easily injected. If UPFC is placed in between the nodes i and j in the system, the admittance matrix is adjusted by injecting reactance value which is equivalent to X s in among the two nodes. Jacobian matrix also changed by insertion of suitable injected power. The above figure implies that the net active power exchange of UPFC with the system is zero, as it is supposed to be UPFC with lossless one.
Cost function of UPFC
Cost À UPFC = 0:0003 Ã s 2 À 0:2691 Ã s + 188:22 ð9Þ
KGMO with Pareto concept
Till now, different kinds of compensation techniques have been developed for eliminating optimization issues to attain better performance, but still there are some issues. Hence, the main goal of this research is to develop an optimization technique that conquers the aforementioned issues. This technique may attain the solution that has limited errors analyzed with global best solution with limited iterations, and contributing the performance improvements in convergence time, accuracy, and robust in operation. The optimization technique developed in this paper, named as KGMO, depends on features of gas molecules. The behavior of gas molecules attains the results with accuracy, least error value, and limited iterations. For the proposed KGMO technique in search space, gas molecules are mentioned as agents and for performance measurements, kinetic energy will be used. The gas molecules are passed into the container; meanwhile, it connects with the section of the container which has kinetic energy and temperature with low value. Because of weak electrical intermolecular Van Der Waal forces, the gas molecules will interact with one another. In KGMO, each agent has four descriptions: kinetic energy, position, mass, and velocity. The kinetic energy of every agent decides its position and velocity. In the optimization procedure, the agents search the entire search space to attain the point which has the temperature with lowest value.
KGMO features
Measurements updated with the rule include acceleration, which promotes the search speed with improved performance. While updating the velocity, the temperature of the agents is examined. One of the controlling parameters in KGMO is referred to as temperature, which promotes the optimization quickly. The mass variables are mentioned as a random variable.
Depending on the performance of agents, the particles move fast, which provides the search space with rapid exploration to conquer the trapping in local minima.
KGMO procedure
The stepwise process of KGMO for eliminating RPD issues is as follows:
Step 1. Choose the constraints to be enhanced for every molecule.
In this research, five cases are considered: Step 2. Choose N number of molecules to find a search space in a container.
Step 3. Specify the Boltzmann constant, mass, temperature, coefficient of cognitive c1, inertia weight, coefficient of social c2, and iteration count.
Step 4. Primarily set the velocity and position of every single molecule.
Step 5. Calculate the value of kinetic energy, update velocity and acceleration of each molecule.
Step 6. Calculate each molecule with its updated position.
Step 7. Calculate the fitness function of each molecules with multi-objective functions.
Step 8. Represent the global best and personal best positions of the each molecules.
Step 9. Reprocess the steps from 5 to 8 till its maximum number of iterations is attained.
The KGMO flowchart is provided in Figure 4 . When KGMO is implemented, it delivers all regulator constraints with optimal values, and attains minimized TVD and power losses. The numerical calculations of KGMO are obtainable in Moein and Logeswaran. 17 The KGMO performance in 30 bus test network is evaluated in the resulting portion.
Pareto optimality
Optimization of various numbers of objective functions is concurrently and regularly presented in system-based concepts. Commonly, such type of objectives is noncomparable and frequently has divergence objectives. In PO concept, all possible set of combinations are obtained for getting one optimal results. This optimal results should be superior to all other combinations which consider all the objectives. Compared to conventional type methods, PO is more applicable for eliminating multi-objective optimization, because it has the ability to get multiple results in a single run and nondominated solution can also be determined. A group of entire non-dominated results is known as PO set and similar values of objective functions are referred to as Pareto front. In the case where there is no nondominated solution, PO front will be non-convex. Here, the total objective functions are 4: TPL, TVD, total LL Index, and total FACTS device cost. These four objectives need to be balanced according to the safe operation of power system. In the following segment, the concept PO with KGMO for above objectives is simulated and discussed.
Simulation results and discussion
The optimization algorithm is concerned to resolve the MORPD problem in IEEE 30-Bus system for validating its efficiency in performance. In KGMO, at particular population, the control variables and velocity are produced within the limits. In spite of investigation, the extreme points of power losses, total voltage deviation, cost, and LL are minimized by using KGMO algorithm. In case of KGMO, choose the values for kinetic energy, position, mass, and velocity regarding the above-mentioned steps. The bus data, line data, generator data, and control variable limits will be adapted. Considering IEEE 30-Bus system without FACTS device optimizing 19 control parameters incorporates generator, transformer taps, and shunt compensators. For including FACTS devices (SVC, TCSC, and UPFC), a total number of 27 control parameters are to be optimized with the help of KGMO algorithms. By comparing the results with other existing algorithm, KGMO achieves better results for optimization.
To validate the efficiency of KGMO performance for SVC, TCSC, and UPFC location in RPD issues, IEEE 30-Bus system has been executed in MATLAB. The facts of the bus structure are presented in Table 1 .
In this work, as the objectives are 4 and FACTS devices are 3, it is possible to develop more scenarios to verify ORPD performance with KGMO. For simple understanding and performance measurement; following details are executed.
Five FACTS devices circumstances: All above-mentioned cases are executed with respect to four objective circumstances, which are stated as follows: 19 and Basu. 18 From the two papers, the assessment of KGMO process is analyzed in tabulation from objective case point of view. They are as follows.
In Table 2 , aimed at minimization of TVD, all FACTS circumstances are demonstrated. Since the table is distinguished that base case value of TVD is 1.4753 pu, it is reduced further by using additional FACTS device such as SVC, which has the value 0.1433 pu; for TCSC, 0.1400 pu; and for UPFC, 0.1533 pu. Combining the FACTS devices (SVC, TCSC, and UPFC) has the value of 0.1373 pu, which is much better than SVC, TCSC, and UPFC values of TVD.
From Table 3 , PLOSS decrement with all FACTS cases are demonstrated, which distinguished that mean value of PLOSS is 5.7424 pu; it is reduced further by using additional FACTS device such as SVC, which has the value of 4.923 pu; for TCSC, 4.743 pu; and for UPFC, 4.93 pu. Combining the FACTS devices (SVC, TCSC, and UPFC) has the value of 4.6699 pu, which is better than SVC, TCSC, and UPFC PLOSS values.
From Table 4 , minimization of LL with all FACTS cases has been demonstrated, which stated that the base value for LL is 6.42. It is reduced further by using additional FACTS device such as SVC, which has the value of 5.566; for TCSC, the value of LL is 4.8194; and for UPFC, it is 4.696. Combining FACTS devices (SVC, TCSC, and UPFC) has the value of LL 4.5987, which is better than SVC, TCSC, and UPFC LL values.
From Table 5 , minimization of PLOSS, TVD, cost, and LL with all FACTS cases are demonstrated, which stated that base value for PLOSS is 5.7424 pu; for TVD, it is 1.4753 pu; and for LL, it is 6.42 pu. It is reduced further by using additional FACTS device such as SVC, the value of TVD is 0.17 pu, the value of PLOSS is 5.35 pu, the value of LL is 4.73 pu, and the cost of SVC is 126.3074. For TCSC, the value of PLOSS is 5.41; the value of TVD is 0.20; the value of LL is 5.095; and cost of TCSC is 147.9014. For UPFC, To authenticate the performance of KGMO, it is analyzed and compared with traditional controller technique named as Particle Swarm Optimization. For comparison purpose, PSO-based optimal allocation of FACTS devices is implemented and the implemented results are shown in Figure 5 . The results from the PSO algorithm is compared with the proposed technique, which is provided in below Table 7 .
Convergence graph for PSO algorithm
The graph in Figure 5 shows the convergence characteristics of PSO algorithm for all objectives connected with all facts devices. For this algorithm, the PLOSS value is 6.3386 pu, the value of TVD is 0.2131 pu, the value of LL is 6.4614, and the cost is 499.6700. By comparing with KGMO algorithm, the result of PSO is poor. In the below section, convergence graph for KGMO is described.
Convergence graph for KGMO
In Figure 6 , the convergence graph of KGMO is presented. For this algorithm, the value of PLOSS is 4.3583 pu, the value of TVD is 0.26499 pu, the value of LL is 3.8942, and the cost is 469.6417. The graph in Figure 6 shows the better performance when compared with existing PSO algorithm. The results from the PSO algorithm is compared with the proposed technique, which is provided in Table 7 .
Conclusion
In view of UPFC, it is observed to have the capacity to regulate the power flow and enhance the system quality in terms of losses and stability. To optimize the system performance, UPFC is optimally chosen with the help of KGMO algorithm with PO concept to enhance the stability and also it provides the solution process with fast convergence. Power losses and total voltage deviations are minimized significantly and massive economic gains are attained with optimal allocation of UPFC with other FACTS devices. When UPFC is used, LLs are minimized, which will improve the safety of the system. The numerical results for IEEE 30-Bus system presented with UPFC are compared in the tables. From the obtained results, it is concluded that the result of the system is much enhanced after UPFC is connected with a bus. The results of this research are presented and proposed KGMO reduces the power loss as 4.3583, TVD as 0.26499, and cost as 469.6417. It performs better than the traditional methods for ORPD issues. In future, the proposed method is used for very large scale distribution system (say 57 or 123-bus system). Also, the proposed technique can be extended for applying other FACTS devices such as STATCOM and IPFC. 
